Introduction
The ongoing surge in demand for flexible and wearable electronics, self-powered systems, and Internet of Things has inspired the relentless pursuit of form-factorfree, high-performance power sources that can be monolithically and seamlessly integrated with various electronics. 1, 2 These types of power sources, which are referred to as built-in power sources, are expected to play a viable role in expediting the advent of the smart and ubiquitous electronics era. From the viewpoint of power source design and architecture, traditional cell materials and fabrication have resulted in power sources that feature a lack of variety in form factors and flexibility. Specifically, most of the current power sources are manufactured by winding or stacking of slurry-cast electrode sheets and separator membranes, followed by the injection of liquid electrolytes inside a fixed form of canisters or pouch packaging substances; these methods impose stringent restrictions on the unitization of power sources with electronic devices. 3, 4 Printed power sources have recently garnered considerable attention as a fresh and game-changing approach because of their design diversity, shape and performance compatibility with electronic devices, and scalable and low-cost processability. [5] [6] [7] Printed power sources based on high-fidelity printing techniques and rationally designed material chemistry are fabricated directly on complex-shaped objects, thereby enabling monolithic integration and electrochemical coupling with target devices that lie far beyond those achievable with conventional power source technologies.
This Perspective explores the current status and challenges of printed built-in power sources, with particular attention to their design and performance compatibility with newly emerging complexly structured electronic devices (Figure 1 ). The printing
Progress and Potential
The rapidly increasing demand for flexible and/or wearable electronics, self-powered systems, and Internet of Things has spurred the relentless pursuit of form-factor-free, highperformance power sources that can be monolithically and seamlessly integrated with electronics. From the viewpoint of power-source design and architecture, traditional cell materials and fabrication have pushed the power sources to a lack of variety in form factors and flexibility, which poses a formidable barrier to unitization with electronics. Printed power sources have recently drawn significant attention as a fresh and game-changing approach because of their design diversity, shape and performance conformability with electronics, and scalable and low-cost processability. This Perspective explores the current status and challenges of printed power sources, focusing on their potential role as built-in power sources for newly emerging complexly structured electronic devices. Noteworthy achievements of printed built-in power sources are reviewed to highlight their superiority in cell design, fabrication, electrochemical performance, and integration with electronic devices, which lie far beyond those achievable with conventional power source techniques and ink materials and chemistry of electrodes and electrolytes are comprehensively described in terms of cell design, fabrication, electrochemical performance, and integration with electronic devices of interest. Finally, the development direction and outlook of the printed built-in power sources are discussed along with the prospects of their future application fields.
Process and Material Strategies for Printed Built-In Power Sources
We describe printed built-in power sources with a focus on printing techniques, material design, and ink engineering. Depending on the application fields, a suitable printing technique is chosen to meet the aesthetic and electrochemical requirements of the final systems. In addition to the printing techniques, the inks of cell components (including electrodes, electrolytes, separator membranes, current collectors, and packaging materials) should be rationally designed to ensure stable printability and reliable electrochemical performance at the same time.
Printing Techniques
A printing technique of interest should be chosen based on feature size of the final products and processability ( Figure 2A ). 6 Major advantages and disadvantages of various printing techniques reported to date are summarized in Table S1 . Printing techniques are generally classified into two categories: mask-based printing and direct-ink-write (DIW) printing. Mask-based printing (such as screen, flexography, gravure, offset, and spray printing) offer several advantages such as large-scale fabrication and high-throughput capability. 8 However, they often require the use of predesigned masks, and high-resolution features are limited, thus hampering the diversification of form factors and seamless integration with objects. DIW printing has recently attracted significant interest because of its deposition accuracy in a noncontact and additive manner. 9,10 DIW printing can effectively construct sophisticated structures on confined areas, curved surfaces, or complicated substrates without impairing the dimensional integrity of the objects. These unique features of DIW printing allow for its potential use in the fabrication of built-in power sources. In this section, we describe two representative DIW printing techniques (inkjet and extrusion-based three-dimensional [3D] printing) that are used for the fabrication of power sources. Note that a prerequisite for stable DIW printability is the preparation of inks with good dispersion and process-customized rheology. The basic principles and requirements for DIW printing are discussed with special attention devoted to ink materials and chemistry and fluidic phenomena.
Inkjet Printing. Inkjet printing has been extensively investigated in various applications (notably, printed electronics) because of its fine-resolution feature and wide selection of ink materials. 10 Driven by these superior advantages, inkjet printing is recommended as an appealing way to develop thin-film power sources and allow their monolithic integration with complex-shaped electronic devices. To achieve successful inkjet printing, the following factors must be considered in ink design ( Primary attention should be paid to the particle size (specifically, smaller than 1/50th of the inner diameter of the printing nozzles) 17 and dispersion state (affected by interparticle interaction such as van der Waals, electrostatic, and steric forces) 18, 19 to avoid the unwanted clogging of the printing nozzle. To ensure reliable inkjet printing, it is recommended that ink viscosity and surface tension vary in the range of 1-25 mPa s and 25-50 mN m À1 , respectively, so that the desired values (1-10) of the inverse Ohnesorge number Z (Z = 1/Oh, where Oh is a dimensionless number indicating droplet formation) are achieved. 10 By using inkjet printing, printed built-in power sources can be fabricated in confined spaces with complicated dimensions. Supercapacitor (SC) electrodes with various shapes were inkjet printed with a commercial desktop inkjet printer ( Figure 2C ). 11 In addition to the currently widespread activated carbon (AC), graphene oxide (GO), MnO 2 , and GO-MnO 2 composite were investigated as other electrode materials. The electrode inks were elaborately designed to provide the desired Z values (8. 41-9.36 ). In addition to the ink characteristics, the substrate properties should be carefully considered. The coffee-ring effect is an unwanted drying phenomenon that hampers the uniform high-resolution printing of images. 20 Choi et al. 12 introduced an inkjet-printed cellulose nanofiber (CNF) nanomat as a primer layer on commercial A4 paper. This CNF-based primer layer tuned the wetting and nonwetting properties of A4 paper, thereby enabling highresolution inkjet-printed paper SCs ( Figure 2D ). Table S2 summarizes the other examples of inkjet-printed power sources in terms of electrochemical systems, components, ink chemistry/rheology, electrochemical performance, flexibility, and feature size.
Despite its advantageous effects and versatile use, inkjet printing still suffers from a relatively low resolution (greater than tens of micrometers) compared with that of conventional nanofabrication methods (e.g., photolithography). Recently, electrohydrodynamic (EHD) jet-printing has been proposed as a promising alternative to inkjet printing owing to its high-resolution (submicrometer scale) printing capabilities. Figure 2E shows a schematic illustration of EHD jet-printing and a printed image (the diameter of the printed dots is ca. 490 nm). 13 Extrusion-Based 3D Printing. Areal energy density is an important metric of built-in power sources because their applications are constrained by a limited footprint. 3D-structured power sources have received increasing attention as an effective approach to address this issue. Among the various 3D-printing techniques, extrusion-based 3D printing is known to produce multifarious, delicate, and complex 3D structures in an adjustable and scalable manner. 9 For power source applications, extrusion-based 3D printing enables the areal energy density to be increased by conducting a layer-by-layer deposition in a confined footprint.
To ensure reliable extrusion-based 3D printing, inks should be designed such that they have good dispersion state and well-balanced rheological properties (in particular, shear-thinning/thixotropic fluid and viscoelastic properties; Figure 2F ). 19 As a representative work, Sun et al. 14 presented 3D-printed Li-ion microbatteries with high-aspect-ratio interdigitated electrodes on a submillimeter scale ( Figure 2G ). The electrode inks were prepared to show suitable viscosity (ca. 10 5 Pa at a shear rate of 10 À2 s À1 ), shear-thinning behavior, and high-storage modulus (10 5 -10 6 Pa), which allowed the formation of interdigitated electrodes.
GO has been widely adopted in extrusion-based 3D printing because of its high dispersibility in polar solvents and tunable rheological properties. Urea hydrolysis allowed the fine rheological tuning of GO-based inks via hydrogen bonding between GO sheets. 15 As a result, 3D-printed, free-standing objects with arbitrary patterns (e.g., vertically standing letters, toothed gears, and bracelet shape) were realized ( Figure 2H ). Several ways to control the rheological properties of GO-based inks have been introduced in 3D-printed SCs, including ioninduced gelation 21 and the incorporation of sodium alginate 22 and amphiphilic copolymers. 23 CNF is an attractive material for extrusion-based 3D printing because of its unique viscoelastic properties, hydroxyl-group-driven surfactant effect, and high Young's modulus (ca. 145-150 GPa). 16 The 3D-printed CNF/LiFePO 4 (LFP) ( Figure 2I ) exhibited stable structural integrity after thermal carbonization and acted as a stable electrode scaffold for 3D-printed lithium-metal batteries.
Previous works on the 3D-printed power sources are summarized in Table S3 , with a focus on ink design of their components (including material chemistry, rheological properties, and electrochemical performance). Along with electrodes, attention should also be paid to electrolytes, passive components (such as current collectors and packaging substances), and cell architecture (beyond monotonous sandwich-type stacked configuration and interdigitated structure) to develop 3D-printed power sources with device-customized form factors and reliable cell performance.
Material Design and Ink Engineering
Along with the printing techniques, the material design and ink engineering of cell components play a viable role in developing the printed power sources.
Printable Electrode Inks. Printable electrode inks should be designed to provide satisfactory electrochemical performance in addition to simultaneously fulfilling the aforementioned printability (described in the section on Printing Techniques). Particular attention is given to the colloidal dispersion state of electrode inks, which affects the formation of electron and ion conduction pathways in the resulting printed electrodes ( Figure 3A) . To achieve facile electrochemical reactions in electrodes, well-developed bicontinuous electron and ion transport pathways should be secured as an indispensable prerequisite, in addition to the introduction of high-performance electrode materials. In conventional sheet-type electrodes, mechanical pressing methods are used to secure high/reliable electrical conduction. For built-in power sources, the electrode components are directly integrated into various devices, thus making it difficult to exploit mechanical pressing methods. Recently, thick electrodes have drawn increasing interest as an effective way to resolve the formidable issue of high-energy-density. [30] [31] [32] Considering the ever-growing demand for high-energy-density cells, much attention should be also paid to the thick electrodes in the development of printed built-in power sources. These requirements push us to rationally design new electrode structures that are tailored for built-in power sources, along with continued research efforts in material chemistry.
Noteworthy electrode candidate materials include nanostructured low-dimensional materials and multiscale hybrids ( Figure 3B ) that present significant benefits to electron and ion transport kinetics. In particular, the use of 2D materials with various chemical structures and morphological features has been highlighted in energystorage systems. 24 The self-assembly of 2D materials beneficially contributes to the establishment of long-range electron and ion transport pathways in the electrodes. Graphene and its derivatives have been widely investigated as building blocks for printed electrodes of macro-and microscopic 3D porous architectures. [33] [34] [35] Lacey et al. 33 introduced holey graphene oxide (hGO) to construct a hierarchical porous structure, thereby facilitating ion transport and interfacial electrochemical reactions in the electrodes.
The hybridization of graphene-based 2D materials with different dimensional materials results in a broad range of mixed-dimensional (2D + nD, where n is 0, 1, 2, or 3) hybrids that feature highly interconnected electron conduction networks, and ionmigrating pores. Gao et al. 32 reported mixed-dimensional AC (3D)/reduced graphene oxide (rGO, 2D)/carbon nanotube (CNT, 1D) composite electrodes in the 3D-printed electrodes. These mixed-dimensional carbon composites allowed the formation of hierarchical pores (ranging from nanoscale to macroscale), exhibiting superior gravimetric capacitance retention. The mixed-dimensional material-based electrode design was extended to other noncarbon materials (e.g., GOs with Ag nanoparticles and MoS 2 nanosheets) as well. 15 MXene has been extensively investigated as a promising 2D material for printable electrodes because of its high electrical conductivity, high capacitance, and solution processability. Titanium carbide (Ti 3 C 2 T x ), which is the most extensively studied MXene, exhibits high electronic conductivity up to approximately 10,000 S cm À1 and TiO 2 -like functional surfaces, thus resulting in ultrahigh volumetric capacitance (1500 F cm À3 ). 36, 37 Owing to its hydrophilic functional groups, MXene can be easily formulated with other components in electrode inks without using special dispersants. 38 Therefore, MXene has been used as an electrochemically active material for additive-free printed electrodes ( Figure 3C ). 25 Kim et al. 26 demonstrated a new concept of processing solvent-free, biphasic (i.e., bicontinuous electron-and ion-conducting phases) electrode inks by formulating the electrode materials with UV-curable gel electrolyte precursors ( Figure 3D ), in which liquid electrolytes and UV-curable triacrylate monomers in the gel electrolyte precursors acted as a processing solvent. The gel electrolyte precursors became solidified after exposure to UV curing, thus resulting in solid-state gel electrolytecontaining electrodes that are similar to those of inorganic electrolyte-embedded, all-solid-state electrodes. To further improve the electrical conductivity of biphasic printable electrodes, Lee et al. 27 introduced a colloidal network concept. Under a high ionic strength environment enabled by surface charge shielding and van der Waals interactions, well-interconnected colloidal networks of AC and multiwalled CNTs were formed ( Figure 3E ). The highly percolated electron conduction pathways contributed to decreasing the ohmic resistance of the printed electrodes. Wei et al. 31 varied the composition ratios of attractive and repulsive particles to control the electrical conductivity and colloidal structure of the biphasic electrode inks. Upon adding repulsive particles (such as silica, LFP, and LTO [Li 4 Ti 5 O 12 ]) to the electrode inks, the network structure of attractive particles (conductive carbon) became more uniform and homogeneous, thus facilitating the formation of tenuous chainlike conductive networks.
Many printed electrodes often require post-treatment steps (including time-/costconsuming thermal annealing and toxic chemical reduction) to achieve high electrical conductivity (Table S4) . However, such post-treatments tend to cause unwanted structural damage to the substrates and devices. Photonic sintering has been suggested as an effective way to resolve this concern because of its short exposure time and low processing temperature; this method eventually alleviates the disruption of the substrates while improving the connection between the electrode particles. 39 The representative examples of the photonically sintered printed electrodes include the use of UV light, 12 xenon light, 40 and laser reduction. 41 To successfully enable monolithic integration of printed built-in power sources with flexible and wearable electronics, conformably printed electrodes that can tolerate mechanical deformations while retaining their electrochemical activities are required. The highly conductive electrode materials with good mechanical properties, such as carbon materials (graphene, 42 carbon nanofibers, 43 and CNT 44 ) and MXene, 25 effectively maintained electrochemical performances under various deformation modes. Besides this material approach, fabricating printed electrodes on flexible substrates such as paper 45, 46 and separator membranes 47 has been explored as an alternative approach. In addition, designing new electrode architecture which is resistant to mechanical deformations, can be suggested, including flexible wire-shaped electrodes 48 and compressible 3D architectured electrodes 23 with periodic macropores.
Although enormous effort has been invested in printed electrodes, the energy-storage properties of the resulting printed power sources are still behind that of conventional counterparts. Future work will be devoted to addressing the corresponding issues with a particular focus on exploring new high-performance electrode materials that are compatible with printing processes.
Printable Electrolyte Inks. Despite their important role as an electrochemical reaction medium, electrolytes lag behind electrodes in the printed power sources. Owing to their fluidic characteristic, conventional liquid electrolytes require rigid and bulky packaging substances, which pose a formidable barrier to the shape diversity, safety, and miniaturization of power sources. Given this limitation of liquid electrolytes, attention has been shifted to solid-state electrolytes. Considering the challenges facing traditional inorganic solid-state electrolytes, which include grain boundary resistance, interfacial instability with electrodes, and harsh fabrication conditions, printable solid-state electrolytes can be suggested as an appealing candidate because of their mechanical compliance, intimate interfacial contact with electrode materials, and facile fabrication ( Figure 3F) . The representative examples of printable solid-state electrolytes are listed according to the kind of power source system in Table S5 , where the focus is on solidification methods, printing techniques, major components, and electrochemical characteristics.
One major challenge facing the printable solid-state electrolytes is to secure their dimensional integrity during fabrication as well as decent ionic conduction behavior. The typical fabrication processes used for printable solid-state electrolytes involve solvent drying-induced solidification. Unfortunately, this tends to induce large volume shrinkage after the drying stage, which often causes the structural collapse of the resulting printed power sources.
McOwen et al. 49 developed a 3D-printable hybrid solid-state electrolyte for lithium-ion batteries via temperature-induced solidification without any additional processing steps. The electrolyte ink, which consists of poly(vinylidene fluoridehexafluoropropylene) (PVDF-co-HFP) polymer matrix, lithium salt (LiTFSI) dissolved ionic liquid ([EMIM][TFSI]) as a molten salt, and titanium oxide (TiO 2 ) as a rheologytuning additive, was extruded from the heated nozzle and subsequently cooled down to room temperature to obtain a hybrid solid-state electrolyte with high ionic conductivity and structural integrity. In addition, a 3D-printable separator membrane that allowed uniform thermal distribution to Li metal anodes was fabricated by using boron nitride ink. 50 Meanwhile, Zhao et al. 51 developed a flexible solidstate electrolyte based on mesoporous cellulose membrane. By virtue of the physicochemical uniqueness of cellulose, the resulting supercapacitor showed high electrochemical performance, flexibility, and biodegradability, demonstrating its potential use as a flexible and wearable power source.
UV-curing-assisted in situ electrolyte solidification has been coupled with the printing process as a facile and scalable way to fabricate printed solid-state electrolytes. 26, 28, 29, 31 The electrolyte inks consisted of a UV-curable ethoxylated trimethylolpropanetriacrylate (ETPTA) monomer as a mechanical skeleton precursor, a high-boiling-point liquid electrolyte, and alumina (Al 2 O 3 ) nanoparticles as a mechanical filler and rheology-controlling modifier. Interestingly, combining an imprint lithography technique with UV-curing-assisted printing produced micropatterned solid-state electrolytes with structural integrity and flexibility ( Figure 3G ). This approach has been extended to the development of ionic liquid-based printable electrolytes 12 and thiol-ene click chemistry-based printed electrolytes. 27 Compared with the monotonous single-package single-cell configuration, bipolar cell configurations are known to be effective in providing high-voltage benefits in a confined area (or volume), contributing to high-energy-density cells. 52 To enable bipolar cell configurations, solid-state electrolytes should be used as an indispensable component. Printable solid-state electrolytes can be used to construct bipolar cell configuration. As a pioneering study, nonflammable and flexible solid-state gel electrolytes consisting of a sebaconitrile-based electrolyte and a UV-curable semiinterpenetrating polymer network (semi-IPN) skeleton were presented to develop practically meaningful bipolar all-solid-state lithium-ion batteries with in-plane and traditional in-series cell connections ( Figure 3H ). 29 Note that the in-plane configuration enables the realization of thin power sources that are free from volume limitations, thus widening the design flexibility of the resulting electronic systems.
Future works on printable solid-state electrolytes will be devoted to performance enhancement via the customization of electrodes, stabilization of electrode-electrolyte interfaces, and increase of cation transference number (t + ), along with continuing efforts for improving shape diversity and dimensional integrity.
Applications of Printed Built-In Power Sources
Benefiting from their shape diversity and device-tailored electrochemical performance, printed power sources can be monolithically integrated with various electronic or energy-harvesting systems (Table S6 ). Depending on their shape, the resulting integrated devices are categorized into three different types: layered, planar, and cable/textile. Major characteristics of the integrated devices are summarized in Table S7 . This section briefly discusses the applications of printed built-in power sources, with a focus on their shape customization and electrical compatibility for all-in-one electronics.
Shape Customization
Printed power sources offer a variety of form factors, eventually contributing to their monolithic integration with devices. Cheong et al. 53 fabricated an organic lightemitting diode (OLED)-installed pressure sensor powered by printed built-in lithium-ion cells. The built-in lithium-ion cells featured a planar-type bipolar configuration, thus enabling the exceptional high-voltage (13.5 V) operation of the sensor and OLED in a confined area ( Figure 4A) . Notably, the planar architecture allowed for the simple and compact electrical interconnection of electronic devices on the same plane along with epidermal design and high flexibility ( Figure 4B ). Bridge-island ( Figure 4C ) 54 and serpentine structures ( Figure 4D) 55, 56 were presented as different types of planar architecture, and were structurally stable under extreme mechanical deformation. Very recently, Park et al. 57 developed a wirelessly rechargeable solid-state SC that was monolithically integrated with a soft/smart contact lens ( Figure 4E ). The miniaturized printed SC with an arc-shaped form factor was fabricated with a computer-assisted DIW technique. The resulting printed built-in SC continuously operated the contact lens on rabbit eyes and, more notably, human eyes.
Electrical Compatibility
The integration of various electronic systems into a single-bodied device often demands a complex and sophisticated electric circuit design that could result in unwanted energy loss and volume increase because of the incorporation of several electrical parts (such as wires, resistors, converters, transformers, boosters, and others). 61 For example, piezoelectric nanogenerators (PENGs) and triboelectric nanogenerators (TENGs) require AC-DC converters to store generated electrical energy. Furthermore, some electronic devices (e.g., transistors and electric heaters) need DC-DC converters because of their relatively high operating voltages. However, most conventional power-management circuits are bulky and consume operation energy. Considering their seamless unitization with objects and devicetailored performance, printed built-in power sources could be a promising solution when addressing this issue owing to the possible elimination or substitution of power-management circuits, which is likely to be an interesting research topic in future studies.
An appealing way to resolve the long-standing concern about the energy density and longevity of energy-storage devices is to integrate them with energy-harvesting systems. Table S6 describes the representative examples of printed power source/ energy-harvesting hybrid systems in terms of their shape, applications, wearability/ flexibility, and functionalities. Cable-and textile-shaped energy-storage/-harvesting hybrid devices, driven by their omnidirectional flexibility and direct integration on/in garments, have been extensively investigated. 59, 62, 63 Figure 4F shows an interesting hybrid device 59 based on a TENG and an SC. Among the various energy-harvesting system candidates, photocharging has been extensively researched because of its high photoconversion efficiency, unlimited renewable energy source, and easy accessibility. However, in many cases, energy-storage systems are connected with photovoltaic (PV) cells via external electrical wires. Um et al. 60 demonstrated monolithically integrated, portable PV-battery systems ( Figure 4G ). Solid-state bipolar lithium-ion cells were directly fabricated on a silicon PV module by using a multistage printing process, thereby eliminating electrical wire-based external connections between the two systems. As a consequence, the unitized PV-battery reduced the ohmic resistance, thus resulting in high photoelectric conversion/storage efficiency, along with the simple and compact architectural design.
Summary and Outlook
We have presented an overview of the recent progress in printed built-in power sources as device-customized/unitized energy-storage systems. Some pioneering works were briefly reviewed, and particular attention was given to printing techniques, electrochemical properties, material design, ink engineering, form factors, and design/electrical compatibility with devices of interest. The development direction and outlook of printed built-in power sources can be summarized as follows ( Figure 5 ).
(1) Preparation of advanced materials with reliable physical/electrochemical characteristics: newly emerging electrode/electrolyte materials should be traced and introduced to continuously improve cell performance (e.g., energy density, cyclability, and rate capability) and shape diversity of printed built-in power sources. (2) Tailored ink design and engineering: printability and electrochemical performance should be simultaneously secured as two key factors. The rheology control of inks, along with fluid dynamics and drying kinetics, crucially affects printing processability and the electron and ion conduction pathways of the resulting printed power sources. An in-depth understanding of new colloidal chemistry and related materials should be continued to accomplish this goal. (3) Application-driven optimization of form factors and cell performance:
Benefiting from the design diversity, scalability, compact dimensions, and seamless unitization, printed built-in power sources can be used for future electronic devices such as smart contact lenses, e-skins, and soft robotics.
To enable the fabrication of such multi-integrated electronic devices in a single platform, attention should be paid to the device-customized optimization of form factors and cell performance. (4) Introduction of aqueous electrochemical systems: aqueous power sources (including zinc-ion, aqueous lithium-ion, and aqueous metal-air batteries) are free from safety failures and are fabricated under ambient conditions. Therefore, they offer significant benefits in printing processability compared with conventional organic electrolyte-based power sources (e.g., lithium-ion, lithium-sulfur, and lithium-metal batteries). Special attention should be paid to aqueous zinc-ion batteries, which have recently garnered considerable attention because of their high specific capacity, low cost, and nontoxicity, as well as the natural abundance of zinc. 70 These unique features are expected to allow for facile combination with various printing techniques and widening of processing windows. The printed built-in power sources described here hold great promise as an energy platform technology that can bring us closer to an era of smart electronics featuring ubiquitous interconnectivity.
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